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Abstract: The influence of hydrogen on the mechanical performance of a hot-rolled martensitic steel
was studied by means of constant extension rate test (CERT) and constant load test (CLT) followed
with thermal desorption spectroscopy measurements. The steel shows a reduction in tensile strength
up to 25% of ultimate tensile strength (UTS) at critical hydrogen concentrations determined to be
about 1.1 wt.ppm and 50% of UTS at hydrogen concentrations of 2 wt.ppm. No further strength
degradation was observed up to hydrogen concentrations of 4.8 wt.ppm. It was observed that
the interplay between local hydrogen concentrations and local stress states, accompanied with the
presence of total average hydrogen reducing the general plasticity of the specimen are responsible for
the observed strength degradation of the steel at the critical concentrations of hydrogen. Under CLT,
the steel does not show sensitivity to hydrogen at applied loads below 50% of UTS under continuous
electrochemical hydrogen charging up to 85 h. Hydrogen enhanced creep rates during constant load
increased linearly with increasing hydrogen concentration in the steel.
Keywords: hydrogen embrittlement; ultra-high-strength steels; thermal desorption spectroscopy;
constant extension rate test; constant load test
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There is an ever-increasing need for hard and tough steels for demanding wear and
impact resistance industrial applications. These include mining equipment in severe corrosion environments [1], ballistic resistance in armored and patrol vehicles, and protected
buildings in civil construction [2]. As the need for safe operation of higher strength steels
for challenging applications is increasing, so are concerns about their susceptibility to hydrogen. Over the years, several industrial failures related to hydrogen have been reported
ranging from small components such as fasteners to large ones like boilers, hydrogen
storage tanks, oil, and gas structures [3,4]. Hydrogen interacts with metallic materials
in a way that reduces their ductility, toughness and even their strength [5]. It has been
reported that local stresses and local hydrogen concentrations are controlling factors of the
loss of fracture strength in steels [6]. The primary conditions responsible for the undesired
failure depend often on dislocation process, and are controlled by hydrogen diffusion and
trapping, coupled with the state of stresses in the material [7–9].
Generally, the susceptibility of steels to hydrogen increases with their strength [10–13].
As steels are produced with increased strength, they become harder, less ductile, less tough,
and more susceptible to hydrogen embrittlement (HE). The susceptibility of quenched and
tempered ferritic-martensitic steels increases significantly above 1200 MPa with hardness
of about 360 HBW [14]. To a large extent, this can be attributed to two phenomena. One
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is the high diffusivity of hydrogen in ferritic-martensitic steels [15]. The other is the
segregation of alloying elements resulting from the high alloying and high carbon content
used for hardening, leading to the formation of carbides and precipitates that act as stress
concentrators, affecting the diffusion and trapping of hydrogen in these materials. Over
the years, HE mechanisms such as hydrogen enhanced decohesion (HEDE), and hydrogen
enhanced localized plasticity (HELP) have been proposed as damage mechanisms in steels
in the presence of hydrogen. The HEDE mechanism suggests that embrittlement is due to
localized reduction in cohesive strength of the iron lattice in hence assists the separation
of cleavage planes or grain boundaries under lower stresses [16,17]. While the HELP
mechanism focuses on the fact that atomic hydrogen accelerate the dislocation mobility
through an elastic shielding effect that causes a local reduction in shear stress and hydrogen
transport by dislocation motion, which could lead to localized high concentrations at
distances further ahead of crack tip [7,18,19].
The evaluation of the hydrogen embrittlement property of steels, particularly new
ultra-high strength steels, is an important task allowing their safe and reliable use in conditions under which their susceptibility to hydrogen is found to be minimal. This is a
difficult task to perform because many variables considering that factors like chemistry,
microstructure, metallurgical defects, operating temperatures, and stress states simultaneously affect the sensitivity of steel to hydrogen. It is widely reported in literature [20–24]
that the degradation of mechanical properties of steels in the presence of hydrogen occurs
only when hydrogen reaches a certain critical concentration in the steel. Hence the critical
hydrogen concentration (Hcrit ) was proposed as a parameter to evaluate the hydrogen
embrittlement property of high-strength steels [23,24].
It has been determined that tensile strength of steels decreases with increasing diffusible hydrogen content leading to the formulation of a power law relationship between
fracture strength and diffusible hydrogen content [25]. However, it was also observed
the power law was not always applicable, especially for notched specimens. The strong
dependence of the notch tensile strength on the stress intensity factor makes it unlikely to
be used as fracture criterion for HE, except for specified geometries [6,25]. In addition, it
was found that the power law relationship between fracture stress and hydrogen content is
mostly applicable only when the fracture mode is intergranular [26] limiting its application
to various steels with complex microstructures. In recent years, many studies have explored
promising H-resistant additively manufactured steels [27,28]. However, until their full
development, conventionally manufactured ultra-high-strength, hard and impact resistant
steels are still the primary options.
Slow strain rate tests has been used in several studies to evaluate the effect of hydrogen
on mechanical properties of steels, the technique is believed to allow enough time for
hydrogen activity within the material [22]. Although SSRT and hydrogen concentration
measurement techniques have been employed in several studies to determine Hcrit for
high-strength steels up to 1500 MPa [29–34], much more work is still required. Particularly
in determining Hcrit for higher strength steels (>1500 MPa) and its effect on the mechanical
performance of these steels under constant loads, focusing specifically on the hydrogen
enhanced creep rates.
In this study, we determine the critical hydrogen concentration and evaluate its effect
on the mechanical performance of a modern steel for demanding applications. The material
is a martensitic ultra-high-strength steel (2200 MPa), with hardness of 600 HBW. The
research methods include constant extension rate testing (CERT), constant load testing
(CLT), hydrogen thermal desorption spectroscopy (TDS), and fractography.
2. Materials and Methods
2.1. Material
A hot-rolled and quenched medium carbon steel with ultimate tensile strength of
2200 MPa and hardness of 600 HBW (58 HRC) was studied. The steel was obtained from
steel manufacturer SSAB, in Finland. An optical microscopic observation of the studied
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Figure 2b.
2.3. Hydrogen Charging
Electrochemical hydrogen charging was performed in a glass, three-electrode electrochemical cell combined with a Gamry potentiostat framework. Calomel reference electrode
and platinum wire counter electrode were used in the cell together with the steel specimen
as the working electrode.
To obtain a suitable hydrogen charging parameters for the studied steel, the TDS
specimens were charged from 3% of NaCl and 0.1% NH4 SCN as hydrogen atom recombination poison [35]. The charging time was varied from 10 min to 12 h at an applied
electrochemical potential of −1 VSCE , followed with hydrogen concentration measurement
using TDS method. Hydrogen uptake of the studied steel as a function of the applied
electrochemical potentials was also measured by varied potential from −0.8 to −1.3 VSCE
for a charging time of 2 h.
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2.4. Mechanical Testing
After 2 h of hydrogen pre-charging, mechanical testing comprising of CERT and CLT
is initiated under continuous hydrogen charging. CERTs were performed with a 30 kN
MTS benchtop tensile test machine at the strain rate 10−4 s−1 and CLTs at the same strain
rate until the applied load was attained. In the case of CLT, mechanical testing was
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stopped, if fracture does not occur after 85 h under applied load and continuous hydrogen
charging. Figure 2c shows a general view of mechanical testing setup with continues hydrogen charging.
After fracture or abortion of testing, the gauge part of the MT specimen was cut into
two parts. One is cut to the characteristic size of a TDS specimen and taken for hydrogen
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up to 1.45 wt.ppm at 3.5 h. Upon fitting the experimental results with an exponential
1.45 wt.ppm at 3.5 h. Upon fitting the experimental results with an exponential growth
growth curve, it is possible to conclude that after 2 h, it approaches a certain plateau
curve, it is possible to conclude that after 2 h, it approaches a certain plateau of average
of average hydrogen concentration. Thus, a charging time of 2 h was selected to be the
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was determined. At a controlled applied potential of −1.2 VSCE the increase of NH4 SCN in
the electrolyte from 0.1% to 0.3% results in an increase of measured hydrogen concentration
2.25 to 3.3 wt.ppm, as shown in Figure 4c. An appropriate combination of applied potential
and NH4 SCN concentration allows for a controlled amount of hydrogen concentration in
the tested specimen [35].
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The reduction of the fracture stress during CERT of the studied steel as a function
of the hydrogen concentration is shown in Figure 5b. The strength of the steel reduces
from an apparent upper plateau for small hydrogen contents to a clear lower plateau at
about 1100 MPa for higher hydrogen concentrations up to 4.8 wt.ppm. The observed lower
plateau can be considered as the maximum hydrogen effect on the UTS of the studied
steel. The hydrogen concentration of about 1.1 wt.ppm corresponding to the midpoint
between the upper and lower plateau can be considered the critical hydrogen concentration
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(Hccrit ) [21]. An analytical representation of the critical hydrogen concentration can be
described with an ‘atan’ function in form of Equation (1):
Y = Y0 + A × atan[( X − Xc )/W ],

(1)

where X is the measured hydrogen concentration and Y0 = 1657, A = −412,
Xc = 1.05, and W = 0.2 are the best fitting parameters generated automatically by the
OriginPro software. The fitted curve corresponds well with the experimentally obtained results with an accuracy of R2 = 0.96 as shown in Figure 5b. Notably, Xc = 1.05 corresponds
to the critical hydrogen concentration. The hydrogen embrittlement index (EI) which is
about 50% for the studied steel was calculated by Equation (2) [36]:
EI =

UTSair − UTS H ( plateau)
UTSair

× 100%,

(2)

where UTSair = 2200 MPa is the ultimate tensile strength of the steel tested in air,
and UTS H ( plateau) = 1100 MPa is the ultimate tensile strength of the steel tested unMetals 2021, 11, x FOR PEER REVIEWder continuous hydrogen charging corresponding to the lower plateau on the hydrogen
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embrittlement curve.
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eau can be considered as the maximum hydrogen effect on the UTS of the studied steel.
Curve
1
shows
two
visible
peaks,
a
characteristic
lower
temperature
peak
at
460
K
followed
The hydrogen concentration of about 1.1 wt.ppm corresponding to the midpoint between
by aupper
broader
at 631 K. Curve
2 shows
visible concentration
peaks consisting
the
andhigher
lowertemperature
plateau can peak
be considered
the critical
hydrogen
(Hcof
crita
)
lower
temperature
peak at 450 K complex
broad
higher temperature
peaks
at 670
K and
[21].
An
analytical representation
of the critical
hydrogen
concentration
can be
described
890 K.
characteristic
curves
1 and 2 are
with
anThe
‘atan’
function inofform
of Equation
(1):common for high-strength steels after deformation under CERT [37]. For both curves 1 and 2, the lower temperature components of the
[(𝑋 − 𝑋trapping
𝑌 = 𝑌0 with
+ 𝐴 ×the
𝑎𝑡𝑎𝑛
(1)
𝑐 )⁄𝑊 ], in microstructural defects
TDS spectra are preferably associated
hydrogen
in the solid
solution
such as dislocations,
boundaries,and
vacancies,
and nano-voids
where
𝑋 is
the measured
hydrogen grain
concentration
𝑌0 = 1657,
𝐴 = −412, 𝑋[38].
𝑐 =
While
the
higher
temperature
components
are
associated
with
the
decomposition
the
1.05, 𝑎𝑛𝑑𝑊 = 0.2 are the best fitting parameters generated automatically byof the
molecular software.
hydrogen The
trapped
voidscorresponds
during the metallurgical
[39]. obtained
OriginPro
fittedincurve
well with theprocesses
experimentally
results with an accuracy of 𝑅2 = 0.96 as shown in Figure 5b. Notably, 𝑋𝑐 = 1.05 corresponds to the critical hydrogen concentration. The hydrogen embrittlement index (EI)
which is about 50% for the studied steel was calculated by Equation (2) [36]:
𝐸𝐼 =

𝑈𝑇𝑆𝑎𝑖𝑟 − 𝑈𝑇𝑆𝐻(𝑝𝑙𝑎𝑡𝑒𝑎𝑢)
× 100%,
𝑈𝑇𝑆𝑎𝑖𝑟

(2)

where 𝑈𝑇𝑆𝑎𝑖𝑟 = 2200MPa is the ultimate tensile strength of the steel tested in air, and
𝑈𝑇𝑆
= 1100MPa is the ultimate tensile strength of the steel tested under contin-
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crostructural defects in the solid solution such as dislocatio
cies, and nano-voids [38]. While the higher temperature com
8 of 16 in vo
the decomposition of the molecular hydrogen trapped
processes [39].

Figure 6. TDS curves for specimens after CERT under continuous hydrogen charging. Specimen
fractured at 1650 MPa with corresponding hydrogen concentrations of 1.1 wt.ppm (curve 1) and
1100 MPa with 3.75 wt.ppm (curve 2). Heating rate 10 K/min.

Figure 6. TDS curves for specimens after CERT under continuou
fractured at 1650 MPa with corresponding hydrogen concentratio
1100
MPa
with
3.75 wt.ppm (curve 2). Heating rate 10 K/min.
3.3.
Constant
Load
Tests (CLTs)

CLTs were performed at varying applied constant loads with MT specimens in air and
under continuous electrochemical hydrogen charging at conditions that correspond to the
critical hydrogen concentration determined during CERT (i.e., 3% NaCl + 0.1% NH4 SCN
at about −1 VSCE ). The actual time to fracture in CLTs was calculated as overall testing
time excluding the time taken to attain the actual applied load. Loads at which fracture
does not occur after 85 h under load are considered having reached a ‘safe zone’ and the
test is aborted. The applied load as a function of time to fracture for specimens under
continuous hydrogen charging is shown in Figure 7. The susceptibility of the steel to
hydrogen under constant load is evident as the applied load and time to fracture shows a
SCE
linear correlation on a semi-logarithmic scale. For example, the hydrogen-free specimen
reaches the ‘safe zone’ (no fracture after 85 h) at applied stress of 1600 MPa (72% of UTS),
while the samples under continuous hydrogen charging fractures in about 2 min under
the same load. The H-charged specimen reaches the ‘safety zone’ at an applied stress of
1100 MPa (50% of UTS).
In addition, the effect of hydrogen on the hydrogen-enhanced creep in CLT was
evaluated. A typical creep curve retrieved from the CLT data of the studied steel (applied
load 1400 MPa) is shown in Figure 8a where the derivative of the stage II of the creep curve
is considered as the creep rate [40]. The creep rates linearly increase with increasing total
hydrogen concentration, as shown in Figure 8b.

3.3. Constant Load Tests (CLTs)

CLTs were performed at varying applied constant loads
under continuous electrochemical hydrogen charging at cond
critical hydrogen concentration determined during CERT (i.e.
about −1 V ). The actual time to fracture in CLTs was calc
excluding the time taken to attain the actual applied load. Loa
occur after 85 h under load are considered having reached
aborted. The applied load as a function of time to fracture for
hydrogen charging is shown in Figure 7. The susceptibility o
constant load is evident as the applied load and time to fractu
on a semi-logarithmic scale. For example, the hydrogen-fre
3.4.
Fractography
zone’
(no fracture after 85 h) at applied stress of 1600 MPa (72
Fractographic observations were made after CERT in air, hydrogen charged to the
under continuous hydrogen charging fractures in about 2 min
critical concentration, and hydrogen charged above the critical concentrations. As shown
incharged
Figure 9a, the
fracture surface
manifeststhe
a ductile
fracture
characterized
dimpled stres
specimen
reaches
‘safety
zone’
at anbyapplied
rupture for the specimen tested in air. At increasing hydrogen concentrations around the
critical range, the fracture surface shows a brittle fracture area with clearly visible long
secondary cracks, as emphasized in Figure 9b. At hydrogen concentrations corresponding
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occur after 85 h under load are considered having reached
aborted. The applied load as a function of time to fracture fo
hydrogen charging is shown in Figure 7. The susceptibility o
9 of 16
constant load is evident as the applied load and time to fract
on a semi-logarithmic scale. For example, the hydrogen-fre
to zone’
the plateau
above
the criticalafter
concentration
surface
shows of
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blendMPa
of
(no
fracture
85 h) the
at fracture
applied
stress
1600
(7
transgranular and intergranular fracture mode, with high-density of secondary cracks
forming
mostcontinuous
likely along the former
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boundariesfractures
as well as martensitic
lath, 2 mi
under
hydrogen
charging
in about
as depicted in Figure 9c.
charged specimen reaches the ‘safety zone’ at an applied stre
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In addition, the effect of hydrogen on the hydrogen-enhanced creep in CLT was evaluated. A typical creep curve retrieved from the CLT data of the studied steel (applied load
Figure
7. CLT-based
results with applied
load as a function
of time toload
fracture.as
The
of hydrogen
Figure
CLT-based
applied
a CLT
function
of time
1400
MPa) is 7.
shown
in Figure 8a results
where thewith
derivative
of the stage II of
the
creep curve is
charged specimens are performed at continuous hydrogen charging, after 2 h of pre-charging under
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creep rate [40].
creep rates linearly
increase withhydrogen
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charged
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hydrogen concentration, as shown in Figure 8b.

conditions corresponding to the critical hydrogen concentrations.
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concentration.

3.4. Fractography
Fractographic observations were made after CERT in air, hydrogen charged to the
critical concentration, and hydrogen charged above the critical concentrations. As shown
in Figure 9a, the fracture surface manifests a ductile fracture characterized by dimpled
rupture for the specimen tested in air. At increasing hydrogen concentrations around the
critical range, the fracture surface shows a brittle fracture area with clearly visible long
secondary cracks, as emphasized in Figure 9b. At hydrogen concentrations corresponding
to the plateau above the critical concentration the fracture surface shows a fine blend of
transgranular and intergranular fracture mode, with high-density of secondary cracks
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rupture for the specimen tested in air. At increasing hydrogen concentrations around the
critical range, the fracture surface shows a brittle fracture area with clearly visible long
secondary cracks, as emphasized in Figure 9b. At hydrogen concentrations corresponding
to the plateau above the critical concentration the fracture surface shows a fine blend of
10 of 16
transgranular and intergranular fracture mode, with high-density of secondary cracks
forming most likely along the former austenite grain boundaries as well as martensitic
lath, as depicted in Figure 9c.
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Figure 9.9. Micrographs
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area
between
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surface.
gen of high fugacity for its adsorption into the metal surface.
The performance
performance of
of the
the steel
steel under
under CERT
CERT in
in the
the presence
presence of
of hydrogen
hydrogen is
is reported
reported in
in
The
Figure
5b.
Similar
phenomenon
of
the
embrittlement
curve
has
been
reported
for
martenFigure 5b. Similar phenomenon of the embrittlement curve has been reported for martensitic steels grades with varying strengths, hardness, and microstructures [21,22]. The critical
sitic
steels grades with varying strengths, hardness, and microstructures [21,22]. The crithydrogen concentration (H = 1.1 wt.ppm) determined for the studied steel is comparical hydrogen concentrationcrit
(Hcrit = 1.1 wt.ppm) determined for the studied steel is comatively higher than that determined for USIBOR 2000 (Hcrit = 0.6 wt.ppm) and USIBOR
paratively higher than that determined for USIBOR 2000 (Hcrit = 0.6 wt.ppm) and USIBOR
1500 (Hcrit = 0.8 wt.ppm) [21], but similar to that determined for M1400 (Hcrit = 1 wt.ppm) [22].
1500 (Hcrit
= 0.8 wt.ppm) [21], but similar to that determined for M1400 (Hcrit = 1 wt.ppm)
In hydrogen-steel interactions, hydrogen enters the steel, diffuses through the lattice
[22].
preferably along the grain boundaries, interacts with microstructural features and defects,
In hydrogen-steel interactions, hydrogen enters the steel, diffuses through the lattice
moves with mobile dislocations, and modifies the steel property under external load,
preferably along the grain boundaries, interacts with microstructural features and defects,
resulting in quasi-cleavage and intergranular fracture modes. Specifically, failure occurs
moves with mobile dislocations, and modifies the steel property under external load, rewhen hydrogen concentration in the steel reaches a certain critical value, which is a
sulting in quasi-cleavage and intergranular fracture modes. Specifically, failure occurs
prerequisite for most proposed hydrogen embrittlement mechanisms [7,20]. Considering
when hydrogen concentration in the steel reaches a certain critical value, which is a prethat hydrogen in steels interacts preferably with specific microstructural features and
requisite
forismost
proposed
hydrogen embrittlement
mechanisms
[7,20]. Considering
that
defects, it
essential
to distinguish
between different
critical concentrations
reported
hydrogen in steels interacts preferably with specific microstructural features and defects,
it is essential to distinguish between different critical concentrations reported in literature
as: (a) Global total hydrogen concentration in the bulk steel specimen after fracture and
(b) hydrogen concentration at a particular location in the steel that is sufficient enough to
initiate cracking leading to failure [41]. In fact, the abrupt drop in local strength and duc-
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degradation, is caused by the presence of hydrogen. Additionally, the density of hydrogen-induced secondary cracks were determined by linear intercept method to have increased by a factor of two for the specimen charged to critical concentration compared to
the hydrogen free sample. Similar observations were made in martensitic steels by Lovicu
et al. [22], where secondary cracks induced by electrochemical charging generally 11
lower
of 16
the steel strength. Admitting that the secondary cracks do not have the same morphology
or extension, their contribution to the susceptibility of the steel at stresses corresponding
to critical hydrogen concentration cannot be dismissed.
in literature as: (a) Global total hydrogen concentration in the bulk steel specimen after
Further fractographic observations were performed on the post-tensile specimens
fracture and (b) hydrogen concentration at a particular location in the steel that is sufficient
that fractured upon reaching the hydrogen critical concentration (about 1.1 wt.ppm) on
enough to initiate cracking leading to failure [41]. In fact, the abrupt drop in local strength
the embrittlement curve, to highlight the main factors influencing the susceptibility to hyand ductility upon reaching the critical concentration is mostly responsible for the change
drogen of the steel. The majority of the hydrogen-induced cracks leading to failure have
in fracture mode from ductile to brittle. Even so, the contribution of the total average
been found to nucleate from high stress concentration regions, such as the white-dashed
hydrogen content to the susceptibility of the steel cannot be totally ruled out.
marked feature in Figure 11a. Further investigation shows that those stress concentration
An evidence of the contribution of global content of hydrogen to failure at the stresses
regions were characterized by inclusion particles. Figure 11b shows micrographs of one
corresponding to critical concentration can be ascertained by observing the fracture surpost-tensile specimen charged to 1.1 wt.ppm, where the crack initiates from the alumina
faces for post-tensile in air of the specimen tested in as-supplied condition, depicted in
particle (emphasized by yellow arrow) leading to failure. The results from energy-disperFigure 10a, and hydrogen charged to 1.1 wt.ppm, as showed in Figure 10b. The fracture
sive spectroscopy (EDS) on the particles revealed them to be mostly aluminum-based nonsurface of the specimen tested in air shows a reduction of fractured surface area from
metallic
inclusions
(NMI),40%),
as shown
Figure 11c.
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corresponding to critical hydrogen concentration cannot be dismissed.

Figure 10. Fracture surface of the tensile specimens: (a) Tested in air without hydrogen charging; (b) electrochemical hyFigure 10. Fracture surface of the tensile specimens: (a) Tested in air without hydrogen charging; (b) electrochemical
drogen charged to 1.1 wt.ppm.
hydrogen charged to 1.1 wt.ppm.

Further fractographic observations were performed on the post-tensile specimens
that fractured upon reaching the hydrogen critical concentration (about 1.1 wt.ppm) on
the embrittlement curve, to highlight the main factors influencing the susceptibility to
hydrogen of the steel. The majority of the hydrogen-induced cracks leading to failure have
been found to nucleate from high stress concentration regions, such as the white-dashed
marked feature in Figure 11a. Further investigation shows that those stress concentration regions were characterized by inclusion particles. Figure 11b shows micrographs
of one post-tensile specimen charged to 1.1 wt.ppm, where the crack initiates from the
alumina particle (emphasized by yellow arrow) leading to failure. The results from energydispersive spectroscopy (EDS) on the particles revealed them to be mostly aluminum-based
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non-metallic inclusions (NMI), as shown in Figure 11c. Even though stress concentration
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always plays a significant role in fracture of steels, even without hydrogen, the deleterious
contribution of hydrogen to the loss of steel strength is markedly enhanced [20,22,37,40].
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experimental
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obtained
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different applied loads. Hence the possibility that the increase in creep rates may not only be
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summarized in Table 2.
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are a contributing factor to increased measured hydrogen for specimens charged using the
same parameters. Higher applied loads result into more deformation, enhancing the ability
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5. Conclusions
The effects of hydrogen on mechanical performance of a 600 HBW martensitic steel
were evaluated through CERT and CLT under continuous hydrogen charging. The following is worth highlighting:

•

•

•

•

•

The strength of the martensitic steel reduces from an apparent upper plateau for
small hydrogen contents to a clear lower plateau at about 1100 MPa for hydrogen
concentrations higher than 2 wt.ppm. This about 50% tensile strength degradation,
at the lower plateau, stays essentially constant for hydrogen concentrations up to
4.8 wt.ppm. Thus, the observed lower plateau can be considered as the maximum
hydrogen effect on the UTS of the studied steel.
The critical hydrogen concentration found was 1.1 wt.ppm, corresponding to the midpoint between the upper and lower strength plateaus. At this point, the degradation
of tensile strength is about 25% of the original UTS.
In the CLT of the uncharged condition of the steel, no fracture occurred at applied load
up to 72% of UTS. In continuous hydrogen charged samples, at conditions providing
the critical hydrogen concentrations of 1.1 wt.ppm, the steel fracture occurred at 85 h
under applied load of 50% of UTS.
The presence of hydrogen at 0.65 and 1.04 wt.ppm (i.e., below the critical hydrogen
concentration of 1.1 wt.ppm) increased, markedly, the creep rates during CLT by more
than two orders of magnitude, under same loads, compared to uncharged specimens.
Although more work is required towards a deep assessment of the influence of the
microstructure in the mechanism driving the HE, the largely dominant martensitic
microstructure, with only a small fraction of bainitic islands and corresponding bainite/martensite interfaces, may be the reason for the observed lower plateau and
apparent saturation of the effect of hydrogen in this 600 HBW steel. Ongoing research
in similar hard steels, with higher fraction of bainite, is expected to provide further
support to this conclusion.
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